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ABSTRACT: We investigate the photogeneration of polaron pairs (PPs) in neat ﬁlms of
the semicrystalline donor−acceptor semiconducting copolymer PCPDTBT. Carefully
selecting the solution-processing procedures, we obtain ﬁlms with diﬀerent amounts of
crystallinity and interchain aggregation. We compare the photogeneration of PPs between
the ﬁlms by monitoring their photoinduced absorption in ultrafast pump−probe
experiments, selectively exciting nonaggregated or aggregated polymer chains. The direct
photoexcitation of interchain π-aggregates results in prompt (<100 fs) charge generation.
Compared to the case where nonaggregated chains are excited, we ﬁnd an 8-fold increase in
the prompt PP to singlet-exciton ratio. We also show that highly crystalline lamellar
nanostructures not containing π-stacked or any light-absorbing aggregates do not improve
the eﬃciency of PP photogeneration. Our results show that light absorption from interchain
aggregates is highly beneﬁcial for charge photogeneration in semiconducting polymers and
should be taken into account when optimizing ﬁlm morphologies for photovoltaic devices.
In sharp contrast with inorganic semiconductors such assilicon, the photogeneration of free charges in semiconducting
conjugated polymers is ineﬃcient, with the absorption of light
resulting instead in the creation of tightly bound electron−hole
pairs (singlet excitons, SEs). This is due to the poor Coulomb
screening typical of conjugated polymers. To enable their
employment in optoelectronic devices based on the photo-
generation and extraction of charge carriers, such as photovoltaic
solar cells, conjugated polymers are normally mixed with a
second electron-accepting material to form a bulk hetero-
junction;1 the donor−acceptor junction provides the necessary
driving force for the dissociation of photogenerated SEs into
spatially separated electron−hole pairs.
Yet, photogeneration of charged states has been observed in
neat ﬁlms of conjugated polymers.2−11 These charged states can
be generically deﬁned as polaron pairs (PPs); in a PP, the
electron and hole are more separated in space compared to an
exciton. Free charges can be considered as a special case of PPs,
for which the separation is such that the Coulomb attraction
between the electron and hole is negligible. The photogeneration
yield of PPs in neat polymers is normally small (<20%), with
most of the absorbed photons resulting in SEs.7 Furthermore,
photogenerated PPs recombine too quickly (<0.5 ns)3,4,7,11 to be
extractable from the electrodes and thus contribute to the
photocurrent in a photovoltaic solar cell.
Nevertheless, the mechanism of PP photogeneration in neat
polymers could be relevant for the eﬃciency of solar cell devices.
Indeed, the bulk heterojunctions used in polymer solar cells can
contain pure or relatively pure polymer domains with sizes of a
few tens of nanometers;12−15 therefore, above the typical SE
diﬀusion length (<10 nm);16,17 one could argue that PPs directly
photogenerated inside of large polymer domains can travel to the
heterojunction and be further separated into free charges,
therefore contributing to the overall photogenerated current.
Furthermore, the separation of PPs at the heterojunction might
be easier than that for the interfacial charge transfer states
(CTSs), which are created upon SE splitting. This would be due
to a larger electron−hole distance and hence a lower Coulomb
attraction.
Ultrafast optical spectroscopy studies of the process of charge
generation in bulk heterojunctions have shown examples where a
non-negligible amount of charges is generated promptly, that is,
in the ﬁrst 100 fs after photoexcitation.18,19 It is possible that
some of these charges are generated from PP precursors in one of
the two materials of the bulk heterojunction. However, the
interpretation of optical spectroscopy data in a heterojunction is
complicated by other competing processes; indeed, prompt
charge generationmight be observed from SEs generated close to
the donor−acceptor interface or by direct excitation of interfacial
high-energy CTSs.20,21 Overall, the similarity in the excited-state
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absortpion spectra of PPs, CTSs, and separated free charges
makes the interpretation of such experiments arduos.
Recently, evidence of the inﬂuence of interchain interactions
and intermolecular order on the process of photogeneration of
PPs in neat polymer ﬁlms has emerged.22−26 In polymers such as
poly(3-hexylthiophene) (P3HT), the crystal structure and the
mesoscopic morphology are well established;27 in addition to
nonaggregated, amorphous regions with coiled polymer chains
having only weak interchain coupling and low conjugation
length, aggregates are present based on long-range π-stacking
and strong electronic coupling between the chains. It has been
suggested that the energy oﬀset between the molecularly
disordered and ordered phases described above might serve as
a driving force for charge separation.23,24,26 Furthermore,
evidence that direct PP photogeneration beneﬁts from interchain
interactions has been shown in homopolymers such as P3HT
and PPV derivatives.22
Here, we address the photogeneration of PPs in neat polymer
ﬁlms and its dependence on ﬁlm nanomorphology, focusing our
attention on the important class of conjugated donor−acceptor
copolymers. The choice of studying neat ﬁlms allows us to avoid
the above-mentioned complications of bulk heterojunctions and
to concentrate on the variety of photophysical processes taking
place in polymers in the solid state. We use ultrafast optical
spectroscopy to study neat ﬁlms of the semicrystalline, small-
band-gap donor−acceptor copolymer PCPDTBT (Figure 1),
comparing amorphous ﬁlms with semicrystalline ﬁlms with and
without long-range π-stacking in the crystalline domains.28,29
The ﬁlms studied in this Letter were prepared by using
diﬀerent processing and postannealing conditions. We showed in
recent publications that the ﬁlm morphology and crystal
structure of neat PCPDTBT ﬁlms can be tuned by the choice
of the processing solvent and solvent vapor annealing treat-
ment.28,29 The use of low-boiling-point solvents, such as carbon
disulﬁde (CS2), leads to rather amorphous ﬁlms. On the other
hand, semicrystalline ﬁlms of two diﬀerent crystal structures
could be generated by the following two procedures: (i)
following the established literature protocol for solar cells,
which is based on spin coating from a chlorobenzene (CB)
solution with 1,8-diiodooctane (DIO) as a solvent additive, thin
ﬁlms with long-range π-stacked aggregates could be prepared;
(ii) swelling and recrystallization of precast spin-coated ﬁlms by
exposure to a CS2 solvent vapor atmosphere resulted in a new
crystal structure giving rise to highly ordered semicrystalline
lamellar nanostructures. TEM/ED and GIWAXS data of this
new crystal structure gave no evidence of long-range π-stacking
but rather suggested a dimer-like structure.29
In the ultrafast pump−probe experiments, we use diﬀerent
excitation wavelengths, selectively resonant with the ground-
state absorption of aggregated or nonaggregated chains. We
observe prompt (<100 fs) photoinduced absorption (PIA) from
PPs and from the lowest-energy SE state (S1), and we monitor its
evolution in time. By using a global analysis of the transient
absorption spectra,30 we disentangle the contributions from the
diﬀerent photogenerated species, showing that direct photo-
excitation of π-aggregates results in an 8-fold increase in the
prompt PPs to SEs ratio compared to the case where
nonaggregated chains are excited. On the other hand, the
presence alone of highly ordered semicrystalline lamellar
domains but lacking ground-state absorption from intermolec-
ular aggregates does not result in an enhanced PPs to SEs ratio.
Figure 1 shows atomic force microscope (AFM) height images
of two samples, a ﬁlm of PCPDTBT spin-coated from a CB
solution containing 2 wt % DIO (hereafter called sample-CB/
DIO, Figure 1a) and a ﬁlm of the same polymer spin-coated from
a 3 mg/mL CS2 solution (hereafter called sample-CS2, Figure
1b).
The surface of sample-CB/DIO shows circular structures on
the order of 40 nm, while sample-CS2 presents a rather
featureless surface. Note that the surface roughness of sample-
CS2 is lower than the one of sample-CB/DIO, as can also be seen
by comparing the Δz scales in Figure 1b and a, respectively.
To gain more information on the interchain interactions in the
diﬀerent neat polymer ﬁlms, we measured their optical
absorption in the UV−vis−NIR part of the spectrum. The
results are shown in Figure 1c,d. The spectra were recorded with
the samples held at room temperature (25 °C). Sample-CB/DIO
presents two absorption bands in the 600−850 nm region, one
peaked at∼800 nm and another peaked at∼750 nm (Figure 1c).
We assign the 800 nm band to absorption from π-aggregates, this
attribution being corroborated by previous studies on the
PCPDTBT system, as we are going to discuss. Previously, Peet et
al. have assigned the 800 nm absorption band to π-aggregates in a
study of aggregate formation in ﬁlms of PCPDTBT cast from
diﬀerent solvents, including CB/DIO mixtures.31 The nano-
morphology of thin ﬁlms obtained by spin coating PCPDTBT
from CB/DIO solutions has been extensively addressed by
several other research groups, all conﬁrming the formation of π-
stacked interchain aggregates.29,32−35 In particular, GIWAXS
studies on such ﬁlms showed that PCPDTBT chains form an
edge-on morphology, similar to P3HT, comprising long-range π-
stacking with an interchain stacking distance of 3.8 Å.32,35
Importantly, the combination of GIWAXS and optical
Figure 1. (a) AFM height image and (c) absorption spectrum of a neat
PCPDTBT thin ﬁlm spin-coated from CB with 2 wt % DIO as an
additive (“sample-CB/DIO”). The inset in (c) shows the chemical
structure of PCPDTBT. (b) AFM height image and (d) absorption
spectrum of a thin ﬁlms of neat PCPDTBT spin-coated from CS2
(“sample-CS2”). The absorption spectra were measured at room
temperature (25 °C). In (a) and (b), Δz corresponds to the color
scale. In (c) and (d), the blue and red arrows indicate the diﬀerent
excitation wavelengths used in the pump−probe experiments.
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absorption experiments has conﬁrmed the assignment of the
strong band at 800 nm to absorption from π-aggregates.32,35
To further support the assignment to π-aggregates of the 800
nm band in sample-CB/DIO, we measure the spectra at diﬀerent
temperatures, from 25 to 100 °C (Supporting Information,
Figure S1). By raising the temperature, the 800 nm band
progressively disappears, until only the 750 nm band is left at 100
°C. The band at 750 nm, which is not inﬂuenced by the
temperature of the sample, is attributed to absorption from
nonaggregated polymer chains.
In sample-CS2, only the absorption from nonaggregated
chains is present, peaked at 750 nm (Figure 1d). Conﬁrming the
assignment of this band to nonaggregated chains, the absorption
spectrum of sample-CS2 coincides with that of PCPDTBT
dissolved in CS2 (Figure S2, Supporting Information) and shows
almost no change during temperature annealing. In summary, we
interpret our optical absorption data in terms of interchain
aggregation, based on previous studies that have characterized
the subnanometer morphology in this type of ﬁlms.28,29,31−35
Speciﬁcally, from the absorption data, we infer that sample-CB/
DIO contains a considerable amount of π-aggregates, while on
the contrary, sample-CS2 does not contain a detectable amount
of them. Furthermore, from our AFM images of Figure 1a,b we
extract information on larger length scales and conclude that no
long-range superstructures (>40 nm) are formed in either of the
ﬁlms.
To investigate the mechanism of charge photogeneration in
the presence of interchain aggregates, we performed ultrafast
pump−probe experiments on the neat PCPDTBT ﬁlms; the
evolution in time of the photoinduced excitations was studied
comparing the eﬀect of exciting the nonaggregated or the
aggregated chains (pump wavelengths at 650 and 800−840 nm,
respectively). Figure 2a shows the diﬀerential transmission (ΔT/
T) spectrum of sample-CB/DIO, probed at 300 fs delay, upon
selective excitation of the nonaggregated chains at 650 nm. In the
850−1050 nm wavelength range, we observe a positive ΔT/T
signal, assigned to stimulated emission from SEs. Between 1050
and 1500 nm, we observe a broad negative ΔT/T band, assigned
to PIA from excited states. On the basis of previous reports from
us and other groups,7,11,36−38 we attribute the shoulder at around
1250 nm to PIA from PPs and the signal at longer wavelengths to
the tail of the S1→ Sn PIA from SEs. The assignment of the 1250
nm band to PP is further conﬁrmed by spectroelectrochemistry
experiments (Supporting Information, Figure S3) on oxidized
PCPDTBT. To disentangle the contributions to the PIA from
PPs and SEs, we performed a global analysis30 of the spectra and
ﬁtted the photoinduced signal with two Gaussian-shaped bands,
one peaked at 1248 nm and the other at 1735 nm (Tables S1 and
S2 in the Supporting Information). The evolution of the PIA
spectra after photoexcitation was ﬁtted to a function of the form
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In eqs 2 and 3, f(λ) and g(λ) are Gaussian functions of the form
e−(1/2)[(λ−λ0)/σ]
2
, modeling the PIA spectra of PP and SE,
respectively. τia and τib are the lifetimes of PP and SE,
respectively; in both cases, we opted for a triexponential decay
function. The ﬁtting functions in eqs 2 and 3 were derived from a
kinetic description of the photoexcited system in which PPs and
SEs are both directly populated from the ground state and their
Figure 2. (a) TransientΔT/T spectrum of sample-CB/DIO recorded 300 fs after excitation with a pulsed pump at 650 nm. The experimental spectrum
(circles) is ﬁtted with the sum (black line) ofΔT/TPP (orange line) andΔT/TSE (blue line) (see eqs 2 and 3). The decay in time of [PP](t) and [SE](t)
(see eqs 4 and 5) after the excitation is shown in (b), normalized to [SE](0). Panels (c) and (d) show the results on the same sample using a pump at 840
nm. In panels (a) and (c), “St. Em.” indicates the signal from stimulated emission.
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evolutions in time are independent from each other. Tables S1
and S2 (Supporting Information) summarize the values of the
best ﬁt for the parameters used in eqs 2 and 3, respectively. In
Figure 2a, the best ﬁts of eqs 1−3 to the experimental data at 300
fs delay are shown. We chose a triexponential function in an
attempt to describe the recombination of PPs and SEs in the
presence of a distribution of decay rates, which is expected to
exist in the disorder-broadened energy landscape of semi-
conducting polymers. We ﬁnd that the triexponential is a useful
description in that it allows us to isolate a long-lived component
(>400 ps) in the decay of PPs observed in some of our
measurements, which we discuss later. Alternative descriptions of
the decay of photogenerated species in the presence of energetic
disorder might be used, such as power-law functions.39,40
However, the discrimination between triexponential and
power-law decays would require signal intensities on a much
broader range (≥3 orders of magnitude) than the one that we
access in our work. Considering these reasons, we decided to use
triexponential decay functions for the analysis of our data.
Figure 2b shows the evolution in time of [PP](t)/[SE](0) and
[SE](t)/[SE](0). [PP](t) and [SE](t) are deﬁned as follows
∑
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where NPP(t) and NSE(t) are the density of PPs and SEs,
respectively, while ϕPP and ϕSE are their excited-state absorption
cross sections and d is the thickness of the ﬁlm. Therefore,
[PP](t)/[SE](0) is the ratio of the density of PPs and SEs,
multiplied by the ratio of their cross sections
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As can be seen in Figure 2b, at time zero, [PP](t) is 15% of
[SE](t). The triexponential decay for [PP](t) is characterized by
the lifetimes of ∼500 fs and ∼7 ps and a long-lived tail, giving a
residual PIA signal at 400 ps (Table S1, Supporting Information).
[SE](t) also presents a short lifetime on the order of 500 fs, while
the other two decay lifetimes are shorter compared to [PP](t),
with 2.5 and ∼16 ps (Table S2, Supporting Information). This
rather short lifetime of the SE is in agreement with previous
reports on PCPDTBT11,36 and is characteristic of low-band-gap
donor−acceptor polymers.41
Figure 2c shows the ΔT/T spectrum measured on the same
ﬁlm at 300 fs delay, this time selectively exciting the π-aggregates
by tuning the pump pulse to 840 nm. Note that the intensities of
all the ΔT/T spectra presented in the paper were scaled to take
into account the variations in absorbance of the diﬀerent samples
at each pumpwavelength. This was done by dividing the values of
ΔT/T by the ratio between the number of absorbed photons at
the pump wavelength and the absorbed photons at 650 nm in
sample-CB/DIO. With the pump at 840 nm, the PIA band of PP
is red-shifted compared to the previous experiment, passing from
1248 to 1379 nm (Table S1, Supporting Information). The band
is also broader and more prominent than that in the experiment
with pump at 650 nm. Figure 2d shows [PP](t) and [SE](t)
normalized to [SE](0). It can be seen that [PP](0)/[SE](0)
strongly increases when tuning the pump from 650 to 840 nm;
indeed, it goes from 15 (Figure 2b) to 120%, corresponding to an
Figure 3. (a) Transient ΔT/T spectrum of sample-CS2 recorded 300 fs after excitation with a pulsed pump at 650 nm. The experimental spectrum
(circles) is ﬁtted with the sum (black line) ofΔT/TPP (orange line) andΔT/TSE (blue line) (see eqs 2 and 3). The decay in time of [PP](t) and [SE](t)
(see eqs 4 and 5) after the excitation is shown in (b), normalized to [SE](0). Panels (c) and (d) show the results on the same sample using a pump at 800
nm. In panels (a) and (c), “St. Em.” indicates the signal from stimulated emission.
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8-fold increase. Note that, not knowing the cross sections ϕPP
andϕSE (eq 6), we cannot deduce from our results that more PPs
than SEs are photogenerated by the 840 nm pump. However,
these results do show that the direct generation of PPs is
substantially increased when aggregates are excited. The lifetimes
of [PP](t) are shorter compared to that of the 650 nm excitation.
Interestingly, no long-lived component is observed in this case.
The stimulated emission signal in the 850−1050 nm wavelength
range is signiﬁcantly lower with respect to the 650 nm excitation,
thus conﬁrming that with 840 nm excitation, we obtain a
signiﬁcantly higher PPs to SEs ratio.
The same pump−probe experiments were performed on
sample-CS2, which does not present a detectable amount of π-
aggregates (Figure 1d). The results are summarized in Figure 3.
In this case, no signiﬁcant diﬀerences in the transient absorption
spectra were observed upon tuning the laser pump wavelength
from 650 to 800 nm. For this sample, we had to use a shorter
pump wavelength (800 nm) compared to sample-CB/DIO due
to the optical absorption at 840 nm being too small. Figure 3b,d
shows the dynamics of PPs and SEs in the two experiments; only
a slight increase in the value of [PP](0)/[SE](0) is present, going
from 20 to 30% when the pump at 800 nm is used. For both
pump excitations, a long-lived component of [PP](t) is present,
similarly to what was observed for sample-CB/DIO excited at
650 nm via the nonaggregated polymer chains. Contrary to
sample-CB/DIO, which shows a decreased stimulated emission
signal when passing from 650 to 840 nm pump, sample-CS2
shows a higher ΔT/T signal in the stimulated emission region
(850−1050 nm) when the 800 nm pump is used (Figure 3c). We
attribute part of this signal, especially the rise below∼950 nm, to
scattered photons from the laser pump, which was not possible to
completely remove, probably due to a slightly lower ﬁlm quality
compared to sample-CB/DIO. We estimate that, excluding the
scattering contribution, the stimulated emission signal is roughly
as intense as that with the 650 nm excitation (Figure 3a). This is
expected, because the [PP](0)/[SE](0) ratio shows only a
marginal increase when passing to the 800 nm pump.
Finally, we investigated ﬁlms of PCPDTBT that were
postannealed in CS2 solvent vapor (hereafter called sample-
CS2-annealed). We have recently shown that spin-coated ﬁlms
that are postannealed in vapor of CS2 crystallize in a diﬀerent
crystal structure than ﬁlms spin-coated from CB/DIO.29 An
AFM height image of sample-CS2-annealed is shown in Figure
4a. The ﬁlm exhibits large-scale superstructures, composed of
semicrystalline lamellae having uniform widths (∼40 nm) and
uniform lengths (0.5−1 μm). Our previous studies with TEM/
ED and GIWAXS suggested that no long-range π-aggregation is
present in PCPDTBT ﬁlms prepared as sample-CS2-annealed,
even though the ﬁlms look well-ordered and crystallized.29
Rather, a crystal structure with a strong interaction between pairs
of polymer chains resulting in a dimer-like crystal structure was
proposed, and a melting point of 280 °C was detected by
diﬀerential scanning calorimetry (DSC) measurements.29 It has
to be noted that no melting points were reported for PCPDTBT
ﬁlms before, and we also could not see any melting transitions for
other spin-coated ﬁlms (including those spin-coated using
solvent additives such as DIO). Conﬁrming the higher
crystallinity, the absorption spectrum of sample-CS2-annealed
shows bands with reduced width compared to the amorphous
sample-CS2 (Figure 4b). However, the position of the bands
resembles sample-CS2 and does not show the red-shifted band,
which was instead observed in sample-CB/DIO and attributed to
π-aggregates.28,31,32,35 This observation is in agreement with the
absence of π-aggregates in this ﬁlm and allows us to conclude that
the intermolecular structures present in sample-CS2-annealed do
not have a signiﬁcant ground-state absorption.
Pump−probe experiments were performed on sample-CS2-
annealed, exciting at 650 or 800 nm. The evolution in time of
[PP](t) and [SE](t) normalized to [SE](0) is shown in Figure 4c
and d for 650 and 800 nm excitation, respectively. The decays are
very similar to those observed for sample-CS2, with the ratio [PP]
Figure 4. (a) AFM height image of sample-CS2-annealed. Δz corresponds to the color scale. (b) Absorption spectrum of sample-CS2-annealed
measured at room temperature (25 °C). The blue and red arrows indicate the diﬀerent excitation wavelengths used in the pump−probe experiments.
Panels (c) and (d) show the decay in time of [PP](t) and [SE](t) (see eqs 4 and 5) normalized to [SE](0), after excitation with a pulsed pump at 650 and
800 nm, respectively. The corresponding ΔT/T spectra are shown in the Supporting Information (Figure S4).
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(0)/[SE](0) being ∼25% when the 650 nm excitation is used.
This ratio does not change when the excitation at 800 nm is used.
In both samples, [PP](t) shows a long-lived component (>400
ps).
Our experiments on thin ﬁlms of PCPDTBT show the impact
of interchain π-aggregation on the process of direct photo-
generation of PPs in neat polymer ﬁlms. The ground-state optical
absorption spectra reveal a considerable amount of π-aggregation
in sample-CB/DIO, becoming negligible in sample-CS2 (Figure
1). The clear spectral separation of the absorption bands from π-
aggregated and nonaggregated polymer chains allows their
selective excitation in pump−probe experiments, using 650 and
800−840 nm laser pulses, respectively. In sample-CB/DIO,
excitation of the π-aggregates (840 nm) results in a strong PIA
signal from PPs at short delay times. In particular, we show in
Figure 2d that [PP](t) at time zero is as high as 120% of [SE](0).
Strikingly, this percentage is 8 times higher than that in the case
in which the nonaggregated chains are excited (650 nm pump,
Figure 2b). These results clearly indicate that the excitation of π-
aggregates results in much higher eﬃciency of direct PP
generation, compared to the excitation of nonaggregated chains.
In agreement with this observation, we show that the value of
[PP](0)/[SE](0) when the low photon energy excitation (800
nm) is used decreases with a decreasing amount of π-aggregates
in the ﬁlms, going to ∼30% for sample-CS2 (Figure 3d) and
∼25% for sample-CS2-annealed (Figure 4d). When going from
650 to 800 nm excitation, sample-CS2 shows an increase in [PP]
(0)/[SE](0), passing from ∼20 to ∼30% (Figure 3b,d); this is
much smaller than the 8-fold increase observed for sample-CB/
DIO. We interpret this slight increase as originating from small
amounts of π-aggregates in these ﬁlms, not detectable in ground-
state absorption spectroscopy. Finally, sample-CS2-annealed
does not show any change in [PP](0)/[SE](0) between the
two excitation wavelengths, indicating the absence of π-
aggregates in the ﬁlm.
Note that for all samples, no diﬀerence in the rise time of the
PIA signals of PPs and SEs was measured. This observation
indicates that the photogeneration of the two species is prompt
and occurs through independent channels, directly from the
ground state within the ∼100 fs time resolution of our setup.
Only sample-CS2-annealed showed a slightly longer rise time
(100 fs) of the SE signal when pumped at 650 nm.
The long-lived tails (>400 ps) observed for all samples,
excluding sample-CB/DIO when excited at 840 nm, might be
attributed to trapping of one or both charges constituting the PP,
which would prevent them from quickly recombining. Addition-
ally, a contribution from long-lived triplet states populated via
intersystem crossing from S1 or from PPs might be present in the
same spectral region. Triplet states in this polymer present a PIA
band strongly overlapped to that of PPs,37 which is therefore
diﬃcult to remove from the ﬁtting of (ΔT/TPP)(λ,t).
We explain the observed inﬂuence of π-aggregation on direct
PP generation as a result of the delocalization of the primary
photoexcitation. The delocalization is facilitated by long-range π-
aggregates, which have been shown to support interchain
delocalized states.42 Such states are more likely to have a
polaronic character because the average distance between the
electron and hole is increased compared to intrachain states.
Additionally, π-aggregates present ground-state absorption
(Figure 1). This last property is crucial and allows the direct
generation via photon absorption from the ground state. We
therefore propose the following scenario of prompt charge
generation in neat polymer ﬁlms: direct ground-state excitation
of nonaggregated polymer chains results in the formation of SE
and PP states on a time scale of∼100 fs, with a strong prevalence
of SE. When instead π-aggregated chains are excited, a strong
increase in PP generation relative to SE is observed, thanks to the
delocalized nature of the interchain states that are accessed.
Further, we show that the presence of highly ordered
semicrystalline lamellar regions not containing long-range π-
stacking does not result in improved PP generation. This last
observation further supports a picture where it is the direct
photoexcitation of long-range π-aggregates that facilitates the
generation of PPs. Indeed, in the case of aggregates that do not
absorb light, as in sample-CS2-annealed, no eﬀect of the long-
range order on PP generation is observed.
In summary, by ultrafast pump−probe experiments, we have
shown that the generation of PPs in neat conjugated polymer
ﬁlms is prompt (<100 fs) and that it is strongly favored when
long-range π-aggregated chains are directly photoexcited, with
the prompt PP to SE ratio showing an 8-fold increase compared
to the case where nonaggregated chains are excited. We interpret
this behavior in terms of the delocalized nature of the primary
photoexcitation in π-aggregates. On the other hand, we show that
if ground-state absorption from aggregates is absent, extended
packing of chains to form larger highly ordered domains does not
increase the eﬃciency of prompt PP pair generation. Our results
indicate that interchain aggregates having ground-state absorp-
tion are the most important ingredient to promote the prompt
generation of charges in neat polymer ﬁlms. Finally, we stress that
this mechanism might be of importance also in the photo-
generation of charges in bulk heterojunctions for solar cells,
which often contain large and relatively pure polymer phases.
■ EXPERIMENTAL METHODS
Materials. The PCPDTBT polymer was purchased from 1-
Material and used as received. The molecular weight was
determined to be Mw = 23 kg/mol with a PDI of 1.7 (HT-SEC,
160 °C, trichlorobenzene, against PS standards). All solvents
(CS2, CHCl3, CB, DIO) were purchased from Sigma-Aldrich
(p.a. grade).
Sample Preparation. Films of (poly[2,6-(4,4-bis(2-ethylhexyl)-
4H-cyclopenta[2,1-b;3,4-b″]dithiophene)-alt-4,7-(2,1,3-benzo-
thia diazole)]) (PCPDTBT) were spin-coated onto quartz
substrates cleaned by O2 plasma (10 min, 100W) from solutions
of diﬀerent solvents in a nitrogen atmosphere. The concen-
trations of the solutions were 3 mg/mL. In the case of CB, we
added 2 wt %DIO to the solution. The ﬁnal ﬁlm thicknesses were
in the range of 30−50 nm. Sample-CS2-annealed was prepared
on a quartz substrate by spin coating from a chloroform solution
(3 mg/mL) followed by CS2 solvent annealing at 90.5% solvent
vapor pressure (as in ref 43).
Atomic Force Microscopy. AFMwas performed on a Dimension
Icon AFM from Bruker operating in tapping mode.
Absorption Spectroscopy. The absorbance of the ﬁlms was
measured using a Zeiss spectrometer (light source: CLH600;
detector: MCS621 VIS II and MCS611 NIR 2,2 μm) in
transmission mode using ﬁber optics. The temperature was
controlled by a hot-stage (THMS600, Linkam).
Ultrafast Spectroscopy. Time-resolved measurements were
performed using a home-built femtosecond pump−probe
spectrometer. During the measurements, samples were kept in
a vacuum chamber (10−4 mbar) equipped with quartz windows.
The system starts with a Ti:sapphire regenerative ampliﬁer
(Quantronix, Integra C), delivering 100 fs pulses at a central
wavelength of 800 nm with 1 mJ pulse energy at a repetition rate
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of 1 kHz. The overall time resolution of the setup can be
estimated at ∼100 fs. For the excitation pulses, a single-stage
optical parametric ampliﬁer (OPA), pumped at 400 nm, allowed
the choice of a desired pump wavelength from 500 to 900 nm.
Excitation pulses had a ﬂuence of ∼5 μJ/cm2; this low excitation
ﬂuence was chosen to provide a suﬃcient signal-to-noise ratio
and at the same time minimize high excitation density eﬀects.
White light generated with a sapphire plate was used for probing
in the NIR from 820 to 1500 nm. The probe signal was detected




UV−vis optical absorption spectra of PCPDTBT in solution and
of thin ﬁlms held at diﬀerent temperatures, in situ spectroelec-
trochemistry, pump−probe spectra of sample-CS2-annealed, and
tables summarizing the best-ﬁt parameters of eqs 2 and 3. This
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